This paper presents a simulator to evaluate alternative designs of highrise warehouse systems using stacker cranes to permit system cost minimization while satisfying design constraints and specifications.
This research has approached this objective by developing a dlscrete-event simulator, hereafter referred to as BASS (Bafna's Stacker Simulator) . The simulator has been tested for different throughput requirements. This paper very briefly describes the cost representation (the cost model for the various components of the warehouse is one of the most elaborate cost representations) of a hlgh-rlse warehouse. This is followed by a description of BASS. The paper concludes with a discussion and analysis of some sample runs using the simulator.
Principal Assumptions
Some of the major assumptions made in the analysis are:
i. The physical size, maximum height and weight of the unit-load to be stored in the system is known.
2. The system handles only one size of unlt-loads.
S. An estimate of the total storage slot requirements in the warehouse is known.
4. The required throughput for the system (number of unlt-loads to be handled--both stored and retrleved--by the proposed system) is known.
The Cost Model
A high-rise warehouse using stacker cranes consists of several elements such as land, building, racks, stacker cranes, transfer cars, fire protection equipment, peripheral equipment (such as conveyors, fork llft trucks, etc.), inventory control equipment, lighting and heating (if necessary), etc., a cost being associated with each.
The costs for a few of these elements will remain somewhat constant irrespective of the warehouse design. However, the costs of the other elements will vary with the warehouse and stacker crane parameters. Hence, in order to select between alternate warehouse designs, it will suffice to study the costs that vary with variations in the warehouse and crane parameters.
The design variables used in the analysis are:
i. Number of slots along the height of rack.
Pairs of rows of racks in the system
(also equal to the number of aisles).
S. Number of stacker cranes in the system. 4. Horizontal speed of stacker cranes.
Vertical speed of stacker cranes.
The variable costs which have been considered in the cost model are described below.
I. Cost of Floor Space. This is considered to be the cost of (a) area occupied by racks, (b) area occupied by aisles, and ¢c) area for related warehouse services. 
Annual Cost of the System
Having determined the individual elements of cost, the equivalent annual cost can be computed.
The salvage values and the write-off periods for the various elements of the system are treated as variables.
The Simulator
The operation of a high-rise warehouse using stacker cranes has been programmed into the simulator, BASS.
Since warehouses vary in their layouts, requirements, and operating rules, a basic layout of a high-rise warehouse and operating rules in a general warehouse have been modelled. If any deviations from these are required, it can be done by making changes in the corresponding subroutines of the simulator.
Each aisle in the warehouse is assumed to have two queues--a material queue and an order queue.
In addition, there is a marshalling area where a "common material queue" is formed.
Each material queue has a finite capacity.
When all of these are full, the overflow is sent into the common material queue (unassigned materials). KHGHT --number of slots along height.
NAILE --number of aisles.
NSCR --number of stacker cranes.
HOVEL --horizontal speed of stacker.
VEVEL --vertical speed of stacker.
Since the first three variables can be incremented in steps of one, the upper and lower lim- whenever entries are available in the queues, i.e., the first arrivals can trigger the start of the cranes. Alternately, the cranes can start at any desired and predetermined time.
All arrivals until that time are kept in queues.
All that the user has to do is to specify start times of stacker cranes, such as start of shift, one-quarter hour after shift start, etc.
3. Also, the queues can be emptied at the end of the simulation before statistics are com- 
Validatin~ the Simulator
In order to validate BASS, several runs have been made with different storage requirements, each with varying throughput requirements. The storage requirements selected were 600 slots, 5,900 slots, 13,500 slots, and 14,500 slots. The simulator ran for all of these sizes indicating that it could be used to design very small systems as well as large ones.
The results obtained at each step in one of these runs are summarized in Table i . The run was made for a warehouse having approximately 5,900 storage slots and a throughput capacity of 90/hour. Exponential arrivals of materials for depositing and orders for retrieval were assumed.
The values of the variables for each iteration Table i Step-by-step results of a simulation run. Total storage required = 5,900 slots (approx.), and hourly throughput required = 90.0. The results of the above run are plotted in Table 2 shows the values of cost and throughput at each iteration for the data given in Table i . The fourth column is the equivalent annual cost per unit increase in throughput at each iteration. This is plotted in Figure 3 .
Since this plot is for a low throughput system, it is found that the incremental cost per unit throughput is lower for higher throughputs. In In addition to making a decision on the basis of the sensitivity analysis, information printed out in the summary reports should be analyzed. More specifically, information such as statistics of material and order waiting times, crane utilization, statistics of aisle material queues, order queues, the common material queue, and the types of crane cycles should be studied. The waiting time, especially that of servicing orders, should not exceed that required by the system that the warehouse is to service.
Findings From Runs
The following are some of the main findings from the results of the sample runs made to test the simulator:
I. Whereas it may be necessary from an ~fflciency standpoint to have the ratio between the horizontal and vertical speeds conform to the ratio between the length and the height of racks~ it is not absolutely necessary to have this relationship for a least cost solution.
2. The general belief among stacker manufacturers that higher warehouses are cheaper is validated by the results obtained from the sample runs.
3. Greater travel speeds are not necessary for low throughput systems and basically Just add to the cost.
4. For a given system throughput, it is found that the larger the storage capacity of the warehouse, the lower is the cost per storage slot. Also, the cost per unit slot increases as greater throughputs are desired.
Conclusion
The results from the sample runs show that numerous alternatives confront the designer of hlgh-rlse warehouse and stacker crane systems and these differ from one another in small steps. It is, therefore, Justifiable to conclude that the use of BASS, along with the sensitivity and report analysis described, will prove to be a very useful tool. Besides helping in design selection, it will provide useful information about the actual systamwhich has been either impossible or impractical by earlier analysis techniques. The simulator can also serve as a tool to test different operating rules and management policies related to hlgh-rise storage.
